We propose a non-contact surface finishing method for brittle substrates by ion beam etching and we experimentally demonstrate polishing of (100) single crystal diamond surface. We model and simulate the polishing process, and verify the results experimentally by monitoring individual defects during the surface treatment. Rapid flattening of scratches and digs, as typically present on brittle substrates after mechanical polishing, is observed: trench depth is typically removed by 95% in less than 30 min. The polishing method relies on physical bombardment of the substrate surface with accelerated inert gas ions, rendering it highly versatile and applicable to a wide variety of materials.
Introduction
Single crystal diamond (SCD) has for long drawn interest in fundamental and engineering research, owing to its outstanding material properties [1] , such as the highest thermal conductivity and mechanical hardness of any known bulk material, ultra-wide optical transparency, as well as extraordinary resistance to various chemicals. In addition, recently revealed quantum characteristics of diamond lattice defects have made it particularly appealing for atomic level sensing [2] and quantum information processing [3] . Current technology in chemical vapour deposition (CVD) has led to the demonstration of high-quality synthetic SCD [4] , and polished SCD plates of dozens of square millimeters in size and hundreds of microns in thickness have become commercially available [5, 6] , suggesting that SCD may serve as an ideal material platform for large-scale nanophotonics applications.
However, the mechanical hardness and chemical inertness of diamond make it extremely difficult to process. Various techniques have been developed to achieve substrate preparation and meanwhile allow preserving excellent material quality [7, 8] . Among the traditional processing methods, mechanical polishing, studied over centuries [9] , continues to serve as the principal substrate preparation method, and is still being actively investigated [10, 11] to improve device performance [12] .
Recently, several non-contact polishing methods have been shown to be useful for smoothening the polishing lines without inducing further damages, including dressed-photon-phonon etching [13] , reactive ion etching (RIE) with specific recipes [14, 4] , and ion beam etching (IBE) with incidence angle smaller than 45° [15, 16] . However they are not suitable for removing deep scratches. Consequently, a timeconsuming fine polishing step remains the prevalent surface preparation method [12] . With the requirements for precision engineering and miniaturization of optoelectronic devices, developing efficient polishing techniques for hard and brittle materials [17] [18] [19] is of great importance and practical value. In this report, we present a non-contact surface polishing method using IBE with simultaneous sample rotation, which is fast and circumvents the difficulties associated with the surface preparation by traditional fine polishing methods, such as polishinginduced subsurface damages [9] .
Material and methods

As-received diamond substrate
An atomic force microscope (AFM) measurement of a typical mechanically polished (100) surface of a SCD substrate is shown in Fig. 1 . Abundant scratches and polishing lines are found on the as-received sample purchased from Element Six [6] (general grade, 2.6 mm × 2.6 mm × 0.3 mm). The AFM measurement reveals regions with very smooth surface (about 2-3 Å surface roughness Ra over 500 nm × 500 nm area), where shallow polishing lines are present, as can be seen on the top left part of Fig. 1 . On the other hand, the measurement also reveals individual scratches, preferentially aligned along polishing directions, featuring depths of up to 330 nm. Such surface defects are prohibiting large scale optoelectronic applications.
Polishing mechanism
IBE is a well-known method for microstructuring and surface https://doi.org/10.1016/j.diamond.2019.01.007 Received 7 September 2018; Received in revised form 11 January 2019; Accepted 11 January 2019 smoothening [20, 21] , in which inert gas ions are accelerated to bombard the material surface, causing curvature dependent erosion and mass redistribution [22] which etch and smoothen the surface at or near normal incidence. Since the material removal is dominated mainly by physical bombardment, IBE is well suited for processing various materials [21] . However, when deep scratches as shown in Fig. 1 are present, which is common after mechanical polishing of brittle materials, conventional IBE schemes are unsuitable for surface polishing because the scratches tend to become exaggerated. In contrast, by taking into consideration the incidence-angle dependent variation of sputtering yield, we show that the IBE process can be configured for the fast removal of these defects.
The ion sputtering yield defined as atoms removed by per incident ion, which is related to both material/ion species and ion beam properties, exhibits incidence-angle dependent behavior [23] . For example, the sputtering yield for 750 eV Ar + impinging onto SCD (100) surface at ion beam incidence angle (θ) of 60°is more than five times of that at θ = 0°. More generally, the angle dependent sputtering yield can be described by [23] (1)
2 , with α(β) being the energy range straggling along longitudinal(lateral) direction, E the ion energy, a the projected energy range, U the surface binding energy, and N the atomic density. While this formula was originally proposed to describe the angle-dependent sputtering yield for amorphous and polycrystalline materials, empirical data for single crystalline materials show prominent agreement with the model [24] , which can be attributed to the ion sputtering induced amorphization. Furthermore, molecular dynamics (MD) simulation on single crystal materials also confirmed good agreement with Eq. (1), although local maxima/minima can be present [25] , which, having negligible impact to the process described later, is believed to originate from the crystallographic nature. For certain incidence angles, ions hitting on the sidewall of a pit cause smaller material removal rate (MRR) than on the planar top surface, therefore leading to pit removal in a non-contact way. Here the MRR is calculated taking into consideration flux variation at different incidence angles, based on fitted sputtering yield. For a (100) SCD substrate [24] treated by 750 eV Ar + , the calculated maximum MRR normalized to that at normal incidence is 2.79, with ion incidence angle in the vicinity of θ = 51.2°(denoted by θ m ), as illustrated in Fig. 2 . Fitting parameters used here are α = 42.15, β = 50.37, and a = 103. 5 . Exact values of other parameters are not relevant since we care only about the normalized results.
Modeling and simulation
To illustrate the working principle of the process, we model the surface pit as an inverse cone, as shown in Fig. 2 , where φ and θ are the azimuthal and polar angle respectively of the incident ion beam. We also define χ ≡ r/h where r is the base radius and h depth, of the cone, indicating its sharpness. Due to the symmetry, we will only discuss the etching effect on the generatrix marked red in Fig. 2 . Without sample rotation during IBE, the pit will gradually become asymmetric; whereas with rotation, as the global incidence angle is kept the same, the sidewall of the pit experiences local incidence angle variation depending on φ, which can give not only an averaged preferential etch on the top surface, but also a dynamical shading effect as long as < χ θ tan . This is better illustrated in Fig. 3 , where etch rate on the aforementioned generatrix against azimuthal rotation and depth is simulated based on Eq. (1), assuming θ = 60°and χ = 0.4. The depth is normalized to 1 Fig. 1 . AFM measurement of mechanically polished SCD substrate. Shallow polishing lines and deep scratches of various morphology are found. The color bar minimum was set to −25 nm to give better visibility for the polishing lines. Inset: height profile along the blue and red lines on the AFM picture, revealing scratch depths of up to 75 nm. The deepest scratch on this particular sample was found to be 330 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 2 . Angle-dependent sputtering yield and material removal rate normalized to those at normal incidence, based on reference data [24] , and fitted with Eq.
(1). Inset: schematic of a pit on the planar surface modeled as an inverse cone; θ and φ are polar and azimuthal angle of incident ion beam, respectively; Ar + indicates the ion incidence and the red dashed line labels the generatrix of the inverse cone. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . Etch rate on the generatrix in Fig. 2 as a function of depth and azimuthal rotation, simulated based on Eq. (1), with χ = 0.4 and θ = 60°. Angle-dependence of MRR is calculated according to the blue curve in Fig. 2 . Cut-off angle of 103°and cut-off depth of 37.52% at = ∘ φ 0 are found. The cut-off depth varies with both φ and θ. Beyond cut-off there is no etching at all, as the ion beam is stopped at the planar surface. The model assumes invariance of the inverse cone geometry within one cycle of rotation. As etching continues, the pit shape changes slowly and this diagram will evolve accordingly.
without loss of generality. The pit geometry is assumed to be invariant during one rotation cycle, which is reasonable as long as the etching rate is not too high, or the rotation speed is not too slow. It is worthwhile to note that the cut-off depth decreases with increasing φ, and no etching occurs for > ∘ φ 103 , due to shading of the ion beam by the planar top surface. Overall, this process manifests a depth dependent etching rate for a surface pit: the averaged MRR on the sidewall keeps at a constant value from z = 0 until a certain depth, deeper than which it gradually drops to zero, at the cut-off depth (d c ) at = ∘ φ 0 ; for any point deeper than d c , there is no removal at all. In general, for crystalline materials, material etch rate is also related to crystal plane orientation. However, considering that the IBE process amorphizes the very surface during material removal [26] , and that the pit sidewalls do not exhibit well-defined crystalline planes, it is reasonable to assume that this dependence can be neglected. In the case of > χ θ tan , only the angle dependence of sputtering yield contributes to material removal. The planar top surface, on the other hand, is always under ion bombardment, regardless of χ, with or without sample rotation.
As shown in Fig. 4 , etch rate on the sidewall relative to that on the planar top surface (referred to as selectivity hereafter) at different depth is calculated with varying χ and θ, other parameters being the same as those used for Fig. 3 . Similar to MRR, selectivity also keeps at a constant value over certain depth, after which gradually decreases to zero at d c . However, due to local incidence-angle variation on the sidewall during rotation, best selectivity is not achieved at θ m : as can be seen for the χ = 1 and χ = 0.4 cases in Fig. 4 , a slightly higher θ gives better (smaller) selectivity. For = > χ θ 2 tan , no cut-off can be found. To provide a quantitative understanding of the working principle, a 2D axisymmetric simulation was carried out to reveal the cross-section profile evolution in time during IBE treatment with sample rotation. Here the MRR on the planar top surface is set to be about 16 nm/min. In less than 10 min, the pit depth is reduced from 100 nm to 2 nm, for χ = 0.4 and θ = 60°. A comparison between simulations with χ = 0.15 and with χ = 1 is presented in Fig. 5 , where smaller χ results in faster planarization and slightly better final finish.
Experiment results and discussion
To demonstrate the proposed non-contact polishing method, the SCD substrate shown in Fig. 1 was treated by IBE with sample rotation. In order to monitor individual scratches on the diamond surface, a ten by ten array of square-shaped plateaus is prepared on the substrate, each with 200 nm height and a side-length of 10 μm. The fabrication process is as follows [27, 8] : after cleaning of the as-received sample with piranha solution, a silicon dioxide layer is deposited to protect the surface features, also acting as hard mask in subsequent etching; standard photo-lithography is used to pattern and develop spin-coated photo-resist, and the patterns are first transferred to the oxide layer, then to the diamond substrate with two steps of plasma etching, removing the unprotected oxide layer and etching the diamond substrate respectively; finally the hard mask is completely removed by HF etching and the sample is cleaned with piranha once again to remove any residual contamination. Scanning electron microscopy (SEM) examination revealed at least two deep scratches on each plateau. With this arrangement, individual surface scratches were monitored during a 28-minute IBE process with sample rotation at 10 rpm, using a Veeco Nexus IBE350 operating at 700 eV acceleration with Ar + ion flux of 1.1 mA/cm 2 . The incidence angle was set at 60°instead of θ m as it gives smaller d c . The temporal evolution of a single scratch was tracked by SEM before the IBE and after 4, 12, 20 min of treatment, as shown in Fig. 4 . Left: sidewall etch rate relative to the planar top surface etch rate, averaged over ∈ φ π [0, ). Cut-off only exists for < χ θ tan , and the cut-off depth decreases as θ increases. Best selectivity is found at θ > θ m . Right: temporal evolution of the cross-section profile of a pit with h = 100 nm and χ = 0.4, simulated based on Eq. (1). Here θ is chosen at 60°and the pit depth is reduced to 2 nm in less than 10 min. Here θ is chosen at 60°and the etch rate is set to be experimental data. Narrower pit results in much faster planarization, but the final finish is only slightly better. Left: χ = 0.15. Right: χ = 1. Table 1 are the measurements for other scratches with a variety of initial conditions, where it can be found that the polishing speed experimentally seen is slower than the simulated value for that of the real scratches, for example the ones shown in Fig. 1 , do not adopt a perfect inversed-cone shape; besides, it also depends on the effective χ of each defect. Approximately 500 nm diamond layer was removed during this process.
As illustrated by Fig. 4 , due to the difference in polishing mechanism, our method needs to etch deeper than the actual depth of the defect to planarize the surface. Nevertheless it is still of similar or much faster polishing speed compared to other fine polishing techniques [28, 29] . Moreover, it is possible to accelerate the process linearly just by increasing the ion flux. According to Ref. [30] , we estimate the pressure exerted onto the diamond surface to be on the order of 1 Pa in our experiment, six magnitudes smaller than that in Ref. [28, 29] . Such mildness is of particular interest in preserving the sub-surface crystalline quality. To give optimal performance, experimental parameters in general can be chosen according to Eq. (1) and empirical data on sputtering yield. Depending on processing purpose and surface characteristics, it is not always optimum to set the incidence angle to θ m . The selectivity can be tuned by changing the ion acceleration energy and incidence angle, taking into account the pit geometry. In our demonstration, 700 eV was used limited by instrument capabilities, and the IBE treatment with sample rotation nevertheless allowed for rapid removal of deep scratches starting from a variety of initial conditions as listed in Table 1 , in spite of the maximum normalized MRR limited to around 2.73. While here we have neglected the nanoscale dynamics such as re-deposition and surface viscous flow [31, 22] , these phenomena may be explored for self-organized process which we discuss elsewhere [32] . The single-crystalline nature at this scale cannot be simply neglected. Nano-sized roughening however can be easily polished to sub-nanometer level [15] by IBE with small θ, therefore does not limit final finish for this process. By adding oxygen or hydrogen gas into the IBE process, finish quality might be further improved [33, 34, 16] . One should note that as troughs can be readily removed by preferential etching of the planar top surface, protrudes on the surface tend to grow larger. This is observed in an area where diamond abrasives introduced in mechanical polishing were not completely removed. A comparison before and after 4 min of 60°incidence-angle IBE with sample rotation is shown in Fig. 7 . This emphasizes the importance of thorough cleaning before using this method to polish surface, meanwhile indicates as well that 3D structures [35] can be fabricated following the same modeling. A closing remark is that a thin layer of amorphous carbon will be present on the very surface after IBE process, which is estimated to be less than 5 nm by TRIM simulation [36] under our experimental configuration. Such ion beam induced amorphized layer can be readily removed by annealing in air as we have previously demonstrated [27] .
Conclusions
In summary, we propose and demonstrate a versatile non-contact surface finishing method allowing rapid flattening of surface defects such as scratches and pits on SCD substrates. Based on angle dependent sputtering yield and inert gas ions, this method is applicable to a wide range of existing and emerging material platforms such as gallium nitride, silicon carbide or various ceramics, where the final step of fine polishing typically costs dozens of hours or even more [37] . Since the process proposed relies on physical sputtering, it is a convenient way for surface treatment, without the need to develop specific chemical recipes as usually required in chemical-mechanical polishing and RIE. 
